ABSTRACT: Following recent developments, we employ the AdS/CFT correspondence to determine the drag force exerted on an external quark that moves through an N = 4 superYang-Mills plasma with a non-zero R-charge density (or, equivalently, a non-zero chemical potential). We find that the drag force is larger than in the case where the plasma is neutral.
Introduction and Summary
Central collisions of gold nuclei at RHIC are believed to produce the long-sought quark gluon plasma (QGP). In a striking discovery, RHIC showed that the QGP is not a weakly interacting gas of quasi-particles as had been assumed for decades. Instead, evidence of strong collective behavior was found and it is now clear that we are dealing with a strongly interacting quark-gluon plasma which can be modelled by hydrodynamics. This plasma has a very low viscosity-the ratio of viscosity to entropy density is η/s ∼ 1/10, making it the most perfect fluid known [1] . The hydrodynamic regime is completely characterized by transport coefficients (shear and bulk viscosity, etc.). Unfortunately, a calculation of these coefficients from first principles, i.e, from the underlying microscopic theory, is currently out of our reach.
The gauge/gravity or AdS/CFT correspondence [2, 3] has been used to investigate observables in various interesting strongly-coupled gauge theories [4, 5, 6, 7] where perturbation theory is not applicable. Policastro, Son and Starinets pioneered the study of hydrodynamic gauge theory properties using AdS/CFT. In [8] the authors computed the shear viscosity η of N =4 super-Yang-Mills (SYM) theory in 3 + 1 dimensions and at finite temperature. They found that the ratio of shear viscosity to entropy in a gauge theory described by a supergravity dual is universal and equal to 1/4π. This value is significantly lower than the one predicted by perturbation theory and is very close to what is observed at RHIC. These results raised the tantalizing possibility of using AdS/CFT to study the QGP. Transport coefficients of different thermal gauge theories have been calculated in [9] - [15] .
RHIC data also confirmed the existence of jet quenching in high-energy heavy ion collisions [16] and showed that the observed suppression of hadrons from fragmentation of hard partons is due to their interaction with the dense medium [17] . In a series of interesting and very recent papers, the AdS/CFT machinery has been brought to bear on the phenomenon of jet quenching and the associated parton energy loss. The work [18] provided a non-perturbative field-theoretic definition of the jet-quenching parameterq, and then used the gauge/gravity duality to computeq in strongly-coupled N = 4 SYM. The calculation was extended to the non-conformal case in [19] . In [20, 21] the authors studied the dynamics of moving strings in the AdS 5 -Schwarzschild×S 5 background to determine the drag force that a hot neutral N = 4 SYM plasma exerts on a moving quark.
In this note we extend this last computation to the near-horizon geometry associated with rotating near-extremal D3-branes, which allows us to examine how the drag force changes upon endowing the plasma with a non-zero charge (or, equivalently, chemical potential) under a U(1) subgroup of the SU(4) R-symmetry group.
Studying the drag force in this setting is interesting from the theoretical perspective, for it corresponds to exploring a different phase of thermal N = 4 SYM, and indeed this is our main motivation. The fact that the QGP produced at RHIC is also found to carry a small but non-zero charge density (associated to baryon number) cannot but add interest to our calculation. But of course, since the string theory dual of QCD is not known, one cannot overemphasize that, for multiple reasons, comparison of AdS/CFT results with real data is, in general, a risky business (for discussion, see [20, 21] ).
In Section 2 we review the relevant properties of the rotating black three-brane geometry, and discuss the embedding of the Nambu-Goto string in this background. Section 3 contains the calculation of the drag force. The dependence of our general result (3.13) on the plasma temperature T and charge density J is given implicitly through the sixth-order equation (3.14) . For small charge density, this equation can be solved perturbatively, and (3.16) gives the resulting drag force at next-to-leading order, displaying our main conclusion: the force in the charged plasma case is larger than in the neutral case.
While this paper was in preparation an overlapping preprint [22] appeared.
String in a Rotating D3-brane Background
The AdS/CFT correspondence [2, 3] equates the physics of an external quark in a finitetemperature neutral N = 4 SYM plasma to that of a fundamental string that lives on the near-horizon geometry of a stack of static near-extremal D3-branes [23] . This connection was employed in [20, 21] to determine the drag force that the neutral plasma exerts on the quark. Our aim in this paper is to consider instead a plasma that is charged under the SU(4) R-symmetry, and so we must analyze a string that ploughs through a rotating D3-brane background. For simplicity we will restrict attention to the case where only one of the three SU(4) angular momenta is non-zero. The corresponding solution was obtained in [24] (see also [25] ); 1 we will follow here the conventions of [27] . In the near-horizon limit, the metric is
This geometry has an event horizon at the positive root ofh(r H ) = 0,
and an associated Hawking temperature and angular momentum density
which translate respectively into the temperature and R-charge density in the gauge theory. An external quark (a pointlike source in the fundamental representation of the SU(N) gauge group) that moves at constant velocity in the x 1 ≡ x direction and carries a specific charge [32] under the same U(1) ⊂ SU(4) as the plasma corresponds to a string whose embedding in the geometry (2.1) and in the static gauge σ = r, τ = t is of the form
with boundary conditions
(and with all other worldsheet fields constant). As usual, the behavior at infinity describes the gauge theory in the extreme UV, where the pointlike quark is inserted; the tail of the string is associated instead with a flux tube that could be mapped out with the methods of [29, 30] . In the present case the tube codifies a fixed gauge-and scalar-field pattern that follows the moving quark and becomes wider as one moves back along the −x direction at a given time (or, equivalently, as time elapses at a fixed location in x) [21] . Inserting (2.5) into the Nambu-Goto Lagrangian we find
The corresponding equation for ξ implies that
is a constant. Inverting this relation we obtain
with the sign chosen so as to describe a string that trails behind its boundary endpoint. The equation of motion for the polar angle θ(r) is more complicated, due to fact that L has explicit θ-dependence. In particular, and in contrast with the non-rotating case, a constantangle solution is possible for l = 0 only if θ ∞ = 0, π/2, a fact that was pointed out already in [28] . These boundary values describe a string that points respectively perpendicular and parallel to the rotation plane. For other values of θ ∞ the function θ(r) is necessarily nontrivial, and encodes an interesting x-dependence of the charge of the flux tube that trails behind the quark. It seems however difficult to obtain this profile analytically. Luckily, we will not need it to compute the drag force.
Drag Force in a Charged Plasma
We are now ready to compute the drag force exerted by the charged plasma on the quark, following [20, 21] . The first step is to note that h interpolates between the value 1 at r → ∞ and 0 at the stationary limit surface r = r s (θ) defined by h(r s , θ) = 0 (which marks the outer boundary of the ergosphere), and so h(r, θ) −v 2 must change sign at some intermediate point r v (θ), which is by definition such that r 2 ). The only way we can prevent ξ ′ from becoming imaginary for r < r v is 2 by choosing a value of π x such that the denominator also vanishes at r v ,i.e.,
Notice that the right-hand side is independent of θ, as required for consistency. Plugging this back into (2.9) we find
The second step is to compute the σ component of the current associated with spacetime translations along x,
2 Notice that the factor 1 +h∆r 2 θ ′ 2 that appears in (2.9) but not in the corresponding equation (8) in [21] is positive throughout this region, so its presence does not modify the analysis. In comparing [21] with the present paper one should bear in mind that H there = f here .
(where G µν and g αβ respectively denote the spacetime and induced worldsheet metric), which together with (2.7) and (3.11) yields the drag force dp 1 dt ≡ √ −gP
Remarkably, in the final step all θ-and θ ′ -dependence has cancelled, 3 and the end result is identical to the one given in equation (12) of [21] , except for the fact that r H has been replaced here by r 0 (the two radii indeed agree for the non-rotating case, but are related through (2.3) in the general case).
The third and final step is to rewrite (3.13) in terms of gauge theory parameters. Using (2.3) and (2.4) one finds that ρ ≡ r 4 0 satisfies the sixth-order equation 64ρ
where
In the non-rotating case j = 0 one easily recovers from this the well-known relation r 0 = πL 2 T . For small charge densities one can obtain r 0 by solving (3.14) in an expansion in powers of j/t 3 . The result at next-to-leading order is
which together with (2.2), (3.13), p 1 = mv/ √ 1 − v 2 and g 2 Y M ≡ 4πg s leads to the final result dp
From this we can read off the exponential relaxation time
This is our main result: we find that turning on a nonzero R-charge density for the plasma increases the drag force exerted on the heavy quark (or equivalently, decreases its relaxation time). Notice that the J-dependent terms involve inverse powers of N, as has been found when computing other properties of the charged plasma (e.g., its entropy density [27] ). The behavior of τ 0 for arbitrarily large charge densities can be determined by solving (3.14) numerically.
The above results refer to a colored object, the external quark. For comparison, it might be worth computing the drag force on a color-neutral object, such as a meson 4 [31, 32, 23] or a baryon [33, 34, 35] . We hope to return to this and related problems in future work.
3 Nevertheless, it is perhaps worth noting that using (3.11) one can show that the equation of motion for θ(r) implies that θ ′ must vanish as r → ∞, which corresponds physically to the condition that the spacetime momentum current density P r θ = 0 at the location of the quark. 4 The corresponding quark-antiquark configurations were given in the Appendix of [20] .
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